Abstract-Features of the I-V characteristics and the electrical properties of electronics-grade carbon nanotube (EG-CNT) sensors, which were fabricated and integrated in micro fluidic system by combining MEMS-compatible fabrication technology with AC dielectrophoresis technique, were investigated at room temperature to account for significant Joule heating effect under high activation current. The experimental results together with the traditional heat transfer theory indicate that the nonlinearity of the I-V curves and the negative resistance change of the EG-CNT sensors are basically induced and controlled by the thermal effect. In particular, it was found that the lower the original resistance of EG-CNT sensors, the higher the normalized resistance change and lower the sensor's time response. Then, the sensor's capability for aqueous flow detection was exploited upon exposure to DI-water flow in micro fluidic system. The operation power of the sensors was found to be extremely low, i.e., in the range of pW. Furthermore, higher activation power may degrade the sensor's responsivity.
I. INTRODUCTION C ARBON nanotubes (CNTs) exhibit many unique properties, such as novel structure, extraordinary mechanical strength, and one-dimensional electron transport, which have led to immense potential for their application in nanoelectronics, nanofluidics, and nanoelectromechanics, especially, for nanosensors [l] . Among those possibilities, the use ofCNTs as sensing elements for flow detection has been investigated by several groups based either on the induced electrical signal of single walled carbon nanotubes (SWNTs) in response to the fluid flow [2] or optical property changes generated by the flow-induced deformation of multi walled carbon nanotubes (MWNTs) [3] . Our group has also demonstrated that the electric resistance measurements on EG-CNTs can detect aqueous shear stress/flow, such as DI-water as it is flowed over the aligned EG-CNTs [4] . Our initial experiments indicate that Joule heating due to input current in EG-CNTs may be critical on determining the performance of CNT resistor based flow sensors. Despite this discovery, the fundamental operating principles of the EG-CNT sensors have remained largely unexplored. Hence, it is very important to understand the heat dissipation mechanism in CNT resistor geometry and establish a correspondingly applicable model to evaluate their performance. For a suspended metallic CNT (m-CNT), the effect of self-heating is much stronger compared with those lying on substrates, which results in a negative differential conductance in the I-V characteristics [5] . Later, the theoretical analysis performed on m-CNTs revealed that the nonlinearities in their I-V characteristics in freestanding nanotubes owes to Joule heating and the efficiency in heat removal from the m-CNTs [6] . While heat dissipation has been extensively studied for individual CNT and CNT field-effect transistors (FETs) [7] both experimentally and theoretically, nevertheless, little is known about the heat production and dissipation mechanism for a CNT resistor in a liquid environment. In this paper, we will discuss our recent effort to exploit the heat dissipation and Joule heating effects in CNT resistors in micro fluidic systems, especially in the dynamic thermal response of these resistors.
II. EXPERIMENTAL DETAILS
The illustration of EG-CNT sensor structure integrated in a micro fluidic channel is schematically shown in Fig. 1(a) . First, Au microelectrode array was fabricated on soda lime glass substrate by standard sputtering, lithography, and wet chemical etching process. Then, EG-CNTs (BSI-CNT-016, Brewer Science, Inc., Rolla, Missouri, USA) were batch aligned between the Au electrode pair with a tip width of 5Jlm and a gap size of2Jlm using dielectrophoresis (DEP) force. Fig. l(b) is a SEM image of the EG-CNT bundles between Au microelectrodes. Finally, the CNT sensors were permanently integrated in glass-polydimethylsiloxane (PDMS) micro fluidic channels with length of 21mm, width of 500Jlm, and height of 40Jlm after plasma treatment of the glass and PDMS surfaces. Detailed fabrication process of the CNT flow sensor 
A. 1-V Characteristics
The assembled sensing element has a room temperature resistance of --3kn by using the solution with a concentration of 1:8 EG-CNTs in DI-water. In our previous paper [4] , the EG-CNT sensors fabricated using the solution of 1: 1 EG-CNTs in DI-water have a room temperature resistance of --0.2kn. Obviously, lower concentrated EG-CNT solution, which has rarer CNTs bridging the microelectrode pairs, resulted in higher assembled resistance. Result of a typical I-V measurement is shown in Fig. 3 .
A parameter governing the performance of a thermal sensor is the overheat ratio defmed as
where R is the resistance ofthe sensors at a given power input, and R o is the resistance at a chosen reference temperature.
As shown in Fig. 3 , the CNT sensor began to exhibit noticeable I-V nonlinearity at 20JlA, equal to --1.2JlW input power, with an overheat ratio of 5.5%. Deviation from the linear Ohm's law expectation became larger while input current increased. These results together with our previously reported data on other EG-CNT sensors [4] clearly indicate that the EG-CNTs did experience a pronounced temperature rise due to Joule heating. That means the EG-CNTs work as resistive thermal elements with as little as a few microwatts (JlW) of input power requirement. Also, the nonlinearities of the I-V curves imply the EG-CNT's negative temperature coefficient of resistance (TCR) characteristics.
B. Thermal Dissipation Principle
We have basically proved that the EG-CNT sensors work chip can be found in our previous paper [4] .
The I-V characteristics were measured using a Sourcemeter (Keithley 2400, Keithley Inc., USA) with current sweeping from 0 A to 100JlA. For thermal dissipation studies, the electric properties of the CNT sensors were measured and determined by putting the CNT sensors inside a programmable oven (KBF-115, Binder Co., German), which has a well-controlled environmental temperature and humidity. During the measurements, the oven's temperature was controlled at 24°C with constant humidity of 50%. The experimental setup for dynamic flow tests was integrated as shown in Fig. 2 . A syringe pump (Versapump 6, Kloehn Ltd., USA) was used to control the flow rate and inject the fluid into the CNT flow sensor chip. The fluid flowed in the direction perpendicular to the CNT bundle axis, while the Keithley 2400 Sourcemeter was used to generate the operating current to activate the sensor, and also, to provide the CNT sensor resistance values to the computer via its digital output port. All the dynamic flow experiments were conducted with DI-water at a velocity of 1.5ms-l . A custom computer program was developed to continuously control the speed ofthe syringe pump, and record experimental data well. Evidently, under nature convection, the CNT sensors response to a step current input in an exponential fall process. This implies the resistive CNT sensor may probably be a typical second order system. The time constant, an essential parameter defmed as the time required for the system to reach 63.2% of its steady state level to evaluate a fITst order system, can not be used to characterize high order system. A more convenient parameter is the temperature rise-time for heating-up process, which is defmed as the time required for a system to settle to within 10% of the steady-state level. In Fig. 5(b) , the time scales are in the range of300-400s. The rise-time decreased with the increasing input power, which is quite consistent to the conventional polysilicon based MEMS thermal sensors [8] . Fig. 5(c) shows that the absolute steady-state normalized resistance change is a linear function of the input power. That indicates an obvious temperature rise due to self-heating in the EG-CNTs, which have a negative TCR, thus, accounts for a significant thermal effect in the EG-CNT sensors. The comparison of the time response under nature convection was conducted on two EG-CNT sensors under the same input power. The two sensors have their room temperature resistances of 0.3kn and 6kn, respectively. As shown in Fig.  5(d) , both the sensors exhibited an exponential decrease response under the same input power of3 JlW. The responsivity ofsensor2 with high initial resistance was 8.65%. Sensorl with low initial resistance only showed response of 4.76%. However, we can evidently find that sensor2 responded much faster than sensor1. For the time being, the reason for such a behavior is unclear, which deserved further theoretical and experimental studies to understand the thermal transport mechanism inside the system.
D. Dynamic Response under Forced Convection
Then the time response of the EG-CNT sensors to a step current input under forced convection was also characterized on the sensors with the lowest initial resistance of ---0.3kn. DI water was driven into the micro channel through the inlet by a syringe pump. The speed of the pump was kept constant, at 500steps per second, providing aqueous flow velocity of ---1.5ms-1 at room temperature inside the micro channel. The sensor dynamic response upon exposure to the DI water flow at different input currents are shown in Fig. 6 . When the step current was lower than lmA, the CNT sensors showed linear response to the flow introduction. However, above 5mA, the sensors displayed a nonlinear response. The resistance fITst . . ., . , . ..............-......-. ....._ . . , ; p ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; j O p ; ; ; ; ; h ; ; ; ; ; ; ; m ; ; ; ; ; ; ; ' s ; ; ; p ; l ; ; ; ; ; ; ; a we x ; ; ; ; ; p ; ; ; ; ; ; ; e ; ; ; ; ; ; ; c t p ; ; a t ; ; ; ; ; ; ; i o ; ; ; ; ; ; ; n ; ; ; ; p ; ; ; ; ; ; ; ; o 20 0.05 0.10 with the same principle as the conventional MEMS thermal flow sensors by providing an obvious experimental linear relationship between the normalized resistance change of EG-CNTs and the flow rate to the one-third power [4] . Briefly, when activation current is applied to the CNT sensors, electrical energy is converted into heat energy by Joule heating within the sensor. This heat energy is dissipated in three ways (Fig. 4) . Part of this thermal energy is lost through the substrate and the leads; some of it is stored as internal energy, thus increasing the sensor temperature, which is also called self-heating, and the rest is transferred to the ambient via nature convection, and/or to the flow via forced convection. Under forced convection, once the flow is introduced onto the heated CNT sensing elements, due to the heat transfer between the flow and the heated elements, the resistance of the heated CNT sensing elements will decrease if the CNT has a positive TCR, or increase while a negative TCR. The rate of heat loss from a heated resistive element to the medium is dependent on the velocity profile in the boundary layer. Therefore, the flow velocity can be determined by the measurement of CNT resistance change.
C. Transient Heat Transfer under Nature Convection
The time response ofthe integrated devices with no flow, Le., under nature convection from the devices to the ambient air, was investigated at different input currents to demonstrate the sensor thermal dissipation behavior. The sensors were powered on by a step current signal, ranging from 1JlA to 100JlA with 25JlA increment. The instantaneous normalized resistance changes are plotted in Fig. 5(a) . As shown, the resistance showed a random fluctuation with less than 0.2% normalized resistance change under the input current of 1JlA. That means the sensors had no self-heating under this input power. When the input current exceeded 25JlA, the resistance decreased sharply within the initial few minutes while it stayed constant further away. And the higher the input current, the larger the normalized resistance change. Furthermore, second order exponential decay fit line collapsed onto the increased linearly after the initial few second of flow introduction, and then, a significant deviation from the linear regime dominated the remaining process. The higher the input current, the larger the deviation. These phenomena could be explained based on the traditional heat transfer theory. Ignoring the heat lost to the substrate (that is, assuming that heat conduction across the CNTs sensing element is much faster than heat conduction from the CNTs to the substrate), at relatively low activation current, Le., less than lmA, most of the heat energy is dissipated to the flow, and very little heat energy is left for self-heating. In this case, the response curve is approximately linear. When the activation current is above 5mA, the applied shear flow cannot convect away all of the input heat energy; thus, the remaining heat energy is stored inside the CNTs for self-heating, and consequently, the resistance decreases for the CNTs with a negative TCR. These results clearly demonstrate that high input currents degrade the sensor's responsivity greatly due to the self-heating effect in EG-CNTs. Therefore, the operation current of the EG-CNT sensors should be limited below lmA, Le., lOOJlA in order to achieve reasonable responsivity; thus, the power input to the sensors is only ---1-2JlW. Under this operating current, the surface temperature of the CNTs was ---63.2°C above the ambient temperature, which is high enough for the heat transfer from the CNTs to the flow for flow detection.
IV. CONCLUSION
In order to study the heat dissipation phenomenon ofthermal CNT flow sensors, we have experimentally measured the dynamic response of the CNT sensor under both nature convection and forced convection. We fmd that the resistive CNT sensors integrated inside the glass-PDMS micro channel is a typical high order thermal transfer system by exhibiting an obviously exponential decay response under nature convection. Moreover, high operation power leads to much more heat energy stored inside the CNTs, which greatly enhance the self-heating effect of CNTs and decrease the sensor flow detection capability. Furthermore, the input power displayed a linear relation with the sensor response time and responsivity, respectively. These results are consistent with the traditional thermal transfer theory and the performance of polysilicon based MEMS thermal sensors. Further theoretical analysis will be carried out systematically and fundamentally in the future for new developments and applications of the resistive CNT sensors.
